Climate projections indicate that the frequency and severity of extreme precipitation events will increase over the next century. Although a large number of lakes across the globe are systematically monitored, it is rare to have a wide range of ecological indices measured at high enough frequency and over a sufficient time scale to allow characterisation of the response of a lake ecosystem to such events. We present data from Lough Feeagh, a relatively large oligotrophic lake in Ireland, which was at the epicentre of a once in 250-year precipitation event in July 2009 when 50 mm of rain fell in less than 2 hours. The effects of the resulting flood on the water column stability, chemistry, biology, and metabolism were examined, and data from multiple years before and after the event were used to ascertain the significance and longevity of any observed changes. The flood caused the water column to destabilise prematurely and depressed primary production. Bacterial biomass was high in the month after the flood, and zooplankton assemblages in late 2009 were significantly different from those of other years. Changes in all these variables combined to produce lower rates of gross primary production and higher rates of respiration than those measured between 2010 and 2014, resulting in more pronounced negative net ecosystem production than in the other years. Despite all these changes, the normal seasonal cycles resumed in 2010, and it appears that this rare but significant event did not have a long-term impact on the ecosystem functioning of the lake.
Introduction
The occurrence of extreme weather events in lakes has received increasing attention in recent years for 2 reasons. First, recent (Kunkel et al. 1999 , McGrath et al. 2005 , Fealy et al. 2014 ) and projected (Palmer and Räisänen 2002, Beniston et al. 2007 ) changes in the severity and frequency of extreme weather events stemming from directional climate change means that ecosystems are increasingly likely to be affected. Second, advances in real time, high-resolution monitoring now allow monitoring of key lake processes at the temporal resolution required to adequately characterise the impacts of such events (Jennings et al. 2012 , Klug et al. 2012 . The definition of an extreme event is complicated, owing to the multivariate nature of each event, encompassing such characteristics as rate of occurrence, magnitude, temporal duration, timing, and spatial scale (Stephenson 2008) . The resiliency of an ecosystem to such events will be determined by all these factors, in combination with the specific lake and catchment properties. The literature on the subject of ecosystem resilience and stability is vast, and any discussion of resilience must start with a definition of what is being considered. For the purposes of this study (focussed on a deep humic lake), we define resilience as the time required for each variable within an ecosystem to return to its predisturbance values (Pimm 1984) , also described as "engineering resilience" (Holling 1996) . A second definition of resilience, "ecological resilience," is centred on the possibility of alternative stable states and is a measurement of the magnitude of disturbance that can be absorbed by an ecosystem before it "flips" into another regime (Gunderson 2000) . Given that alternative stable states are less likely for deep humic lakes than other lake types (Carpenter and Pace 1997) , we consider the first definition of resilience to be more applicable to this study and hence focus our findings on the quantification of return times after an extreme precipitation event.
The impacts of extreme precipitation events and resulting pulses in lake ecosystems are likely significant, but this area requires more attention (Wantzen et al. 2008) given the valuable ecosystem services that freshwater lakes provide (e.g., drinking water, fish production, carbon cycling, biodiversity promotion) and the increasing risk of these services being disrupted by extreme events. Recent studies have shown that lake responses to extreme precipitation events vary, depending on the magnitude and timing of the event (Jones et al. 2008 , Jennings et al. 2012 , but that disruption of the water column physical structure, nutrient cycling, biological assemblages, and lake metabolism are all likely. For example, intense precipitation may result in physical disturbance of the water column (Yount 1961 , Alcocer and Filonov 2007 , Jones et al. 2008 , Klug et al. 2012 . Flood pulses associated with precipitation events can lead to increased export of dissolved and particulate substances to lakes (Weyhenmeyer et al. 2004 , Arvola et al. 2006 , Sadro and Melack 2012 . This increased export may stimulate heterotrophic production while also reducing primary production as a result of decreased water clarity (Drakare et al. 2002 , Jennings et al. 2012 , Sadro and Melack 2012 . In some lakes, a delayed impact of floods on primary production has been attributed to increased nutrient availability the year after a flood event (Foreman et al. 2004 ). Several trophic levels may also be disrupted, including bacteria (Jones et al. 2008 , Shade et al. 2012 , phytoplankton (Weyhenmeyer et al. 2004) , and zooplankton (Paidere et al. 2007, Graham and Vinebrooke 2009 ), but there is surprisingly little literature available in this area.
The sum of all these disturbances is represented by whole-lake or even epilimnetic metabolism estimates, which quantify carbon fixation through photosynthesis (gross primary production [GPP] ) and oxidation through respiration (R; Staehr et al. 2010 , Coloso et al. 2011 . Net ecosystem productivity (NEP) is the difference between GPP and R, both of which have positive values. When NEP is net positive (GPP > R), a lake is considered autotrophic and hence acts as a carbon sink. Conversely, when NEP is negative (GPP < R), the lake is considered net heterotrophic and acts as a carbon source to the atmosphere. The development of the diel oxygen open-water technique (Odum 1956 , Staehr et al. 2010 , Solomon et al. 2013 , Winslow et al. 2014b ) has simplified the calculation of lake metabolism, notwithstanding the many sources of variation that may influence this calculation (e.g., Van de Bogert et al. 2012 , Obrador 2014 . The diel open-water technique is based on the theory that oxygen levels in the water column reflect rates of respiration and photosynthesis during the daytime but only respiration in the nighttime; thus the difference between daytime and nighttime rates can be used to determine primary production , Staehr et al. 2010 . Lake mixing, in-wash of labile dissolved organic carbon (DOC), stimulation of bacterial production, and either depression or stimulation of phytoplankton production will all change the GPP:R balance (e.g., Tsai et al. 2008 , Klug et al. 2012 , Sadro and Melack 2012 , Vachon and del Giorgio 2014 , and metabolism estimates hence provide a concise summation of the many effects of extreme precipitation on lake ecosystems.
Although studies of extreme precipitation events on lakes have been conducted, they rarely encompass multiple ecosystem descriptors, instead focussing on 1 or 2 key variables. In addition, the studies tend to be over relatively short time periods (weeks or months), which makes it difficult to contextualise any changes in terms of typical annual variation, given the unpredictable and short-lived nature of extreme events (Jennings et al. 2012) . To adequately capture the effects of such an event at an ecosystem level, a detailed monitoring program needs to be in place. The temporal resolution of the monitoring program needs to be high enough to capture a rapid extreme event, but also long enough (i.e., multiple years) to ascertain the impacts of the event on a naturally variable ecosystem. The longevity of the monitoring program will also determine whether the recovery of the ecosystem after an event can be determined because this process may take several seasonal cycles. The development of observatory networks, such as the Global Lake Ecological Observatory Network (GLEON), which promotes the use of high-frequency sensor data to improve the understanding of lake functions (Weathers et al. 2013) , means that extreme events are now more likely to be captured. Extreme precipitation event in a humic lake ecosystem Inland Waters (2016) 6, pp.483-498
The Irish Marine Institute's research station in the Burrishoole catchment in the west of Ireland is utilised as a key index system for salmon, sea trout, and eel in the north Atlantic (e.g., Poole et al. 1990 , McGinnity et al. 2009 ). Lakes in the Burrishoole catchment (Feeagh and Furnace) have been part of GLEON since 2007. To investigate the impact of climate, weather, and environment on diadromous fish stocks, the Marine Institute maintains a network of high resolution instrumentation in the catchment and a program of long-term ecological monitoring. The existence of these monitoring programmes fortuitously facilitated the work described in this study, the aim of which is to describe the impact of a once in 250-year precipitation event on the ecosystem functioning of Lough Feeagh.
Methods

Site description
The Burrishoole catchment (~100 km 2 ) is situated within the Nephin Mountain range on the North West coast of Ireland (53°55′N, 9°34′W; Fig. 1 ). The land cover in the catchment is predominantly upland blanket peat, and the main land uses are commercial coniferous forestry and extensive sheep grazing. Because peat soils are naturally saturated, precipitation rapidly gives rise to runoff (Müller 2000) . The catchment is located close to the Atlantic coast and therefore experiences a temperate oceanic climate with mild winters and relatively cool summers. A meteorological station (Met Éireann in Newport) has been in operation in the Burrishoole catchment on the shores of Lough Furnace since 1960, and average annual precipitation at this station was 1564 mm. Average daily rainfall for the same period was 4.3 mm (±6.2 mm SD), and 75% of days had some measurable rainfall. Maximum summer temperatures rarely exceed 20 °C, and minimum winter temperatures are usually 2-4 °C. Palaeolimnological investigations in 3 lakes in the catchment confirmed an aquatic biotic response (phytoplankton and zooplankton) to catchment degradation in the form of soil erosion and nutrient enrichment associated with the onset of commercial conifer afforestation (Cassina et al. 2013 , Dalton et al. 2014 in the mid-20 th century. This afforestation program required substantial land drainage to enable successful establishment of nonnative conifers on peat soils. These effects were subsequently enhanced by overgrazing in the catchment and possibly climate warming in the late 1980s and early 1990s. The largest lake in the Burrishoole catchment is Lough Feeagh, which has a surface area of 3.95 km lake at the bottom of the watershed that drains into the coastal lagoon Lough Furnace through 2 short (<200 m) channels.
Data collection
Rainfall around the Burrishoole catchment was recorded using Davis Raincollector II tipping buckets (www. davisnet.com, Davis Instruments Corp., Hayward, CA, USA) and Hobo event loggers (www.onsetcomp.com, Onset, Bourne, MA, USA). Water level at the main lake inflows was recorded using Orpheus mini water level recorders (www.ott.com, OTT Hydromet, Kempten, Germany). Inflow to the lake resulting from the flood was calculated from the flow data for the gauged lake inflows and an estimate of the rain event area based on the interpolated rainfall data ( Fig. 1 ). An Automatic Water Quality Monitoring System (AWQMS) on Feeagh, situated at the deepest point of the lake (46 m), collects high frequency sensor information every 2 minutes and transmits the data back to the research station via GPRS (http://burrishoole. marine.ie). Vertical temperature profiles were measured using 12 platinum resistance thermometers (PRTs: Lab facility PT100 1/10DIN 4 wire sensor, www.labfacility. co.uk, Labfacility Ltd., Bognor Regis, UK) at 2. 5, 5, 8, 11, 14, 16, 18, 20, 22, 27, 32, and Grab samples of lake transparency (Secchi disk), chlorophyll a (Chl-a), water colour, turbidity, total phosphorus (TP), and total nitrogen (TN) were collected monthly from Feeagh as part of the long term ecological monitoring of the catchment. Water was sampled adjacent to the AWQMS at a depth of ~30 cm. The measurement of Chl-a was determined by standard ethanol extraction (ISO 10260 1992) . To determine water colour, water was filtered through GF-C filters and the absorbance measured Sediment deposition was measured in Feeagh using purpose-built sediment traps (Sparber 2012 ) deployed between 2009 and 2014. Sediment traps were deployed at the north end of Feeagh, adjacent to the AWQMS, and at the south end of Feeagh. Each sediment trap comprised 3 vertical tubes, each with a surface area of 1964 mm 2 , suspended 4 m off the bottom of the lake on a frame. The sediment traps were emptied every 3-6 months into prewashed plastic bottles, and the samples from each tube were then dried, weighed, and used as an estimate of sediment deposition.
Bacteria and picoplankton were enumerated fortnightly between May 2009 and May 2010. Water samples were collected using a 2.5 cm diameter and 1.5 m long tube sampler. Subsamples of 100 mL were processed following the methods described by Sherr et al. (1993) and MacIsaac and Stockner (1993) . Bacteria and picoplankton were counted under an epifluorescence microscope. Bacteria were counted using a UV filter, and picoplankton were examined using filters for blue and green light excitation. At least 400 fluorescent cells were counted on the filters (Straškrabová et al. 1999) . Digital images of picoplankton and bacterioplankton were used to measure volume following Massana et al. (1997) . Note that the picoplankton samples were not always processed immediately after field sampling, and for this reason the picoplankton counts are probably underestimated.
Water samples for phytoplankton and ciliate analysis were also sampled using a 2.5 cm diameter and 1.5 m long tube sampler in close proximity to the AWQMS. Samples were collected monthly (2008, 2011, and 2012) or fortnightly (2009 and 2010) . Subsamples (250 mL) were fixed with 1.5 mL of Lugol's iodine solution. Phytoplankton and ciliates were enumerated using the Utermöhl (1958) sedimentation technique. Biomass was calculated following Hillebrand et al. (1999) and Sun and Liu (2003) . Although phytoplankton were identified to species level where possible, the data presented here were collated at phylum level.
Zooplankton were sampled by vertical hauls through the water column from 20 m using a conical zooplankton net (53 µm mesh; Duncan and Associates, www.dun-Extreme precipitation event in a humic lake ecosystem Inland Waters (2016) 6, pp. [483] [484] [485] [486] [487] [488] [489] [490] [491] [492] [493] [494] [495] [496] [497] [498] canandassociates.co.uk, Cumbria, UK). A Hydro-Bios (www.hydrobios.de, Kiel, Germany) flowmeter was used with the net to correct for filtering efficiency. Samples were fixed with industrial methylated spirits (concentration >70%). Zooplankton samples were subsampled using a 5 mL wide bore pipette and counted and measured using a dissecting microscope (25×). Copepods were identified as either calanoids or cylopoids, and cladocera were identified to species using Scourfield and Harding (1966) . Body weight of cladocerans and copepods was converted to dry weights using length-weight regressions from de Eyto and Irvine (2005) or Bottrell et al. (1976) . Monthly zooplankton samples from 2006 to 2013 were included in this analysis.
Data collation and analysis
Data from the Feeagh AWQMS, the rain gauges, and the water level recorders were cleaned and adjusted where necessary by referring to the Marine Institute's maintenance logs and using Hydras 3 v10.1 (www.ott. com/products/software-solutions/ott-hydras-3-basic). Outliers were removed, and drift that could be attributed to biofouling of sensors between calibration periods (particularly in the DO dataset) was corrected using the sliding correction feature in Hydras 3. Inverse distance weighted (IDW) interpolation between rain gauges using ArcMap 10.0 was used to generate a raster surface illustrating the spatial extent of the precipitation event. Indices of lake physical structure (Schmidt stability [Schmidt 1928 ] and Brunt-Väisälä buoyancy frequency) were calculated using the rLake Analyzer package 1.7.6 (Winslow et al. 2014a ) through R 3.0.3 (R Core Team 2013 . Multivariate exploratory analyses of biological variables (biomass of phytoplankton and zooplankton taxa) were conducted using the R vegan package (Oksanen et al. 2015) . The biomass of taxa was square root transformed to reduce the influence of very abundant taxa, and multidimensional scaling of Bray-Curtis similarities was used to visualise differences between years and seasons. Pairwise PERMANOVA tests using unrestricted permutations were used to test for statistical differences between assemblages (Anderson 2005) . Finally, daily estimates of GPP, R, and NEP were made using the R Lake Metabolizer package (Winslow et al. 2014b) , applying the maximum likelihood estimate method, a process-error-only model with parameters fitted via maximum likelihood estimation (Solomon et al. 2013) . Lake Metabolizer was run with a 2-minute time step for all years where data (DO, water temperature, PAR, and wind speed) were available, producing estimates of daily GPP and R (O 2 mg m
), and NEP (GPP − R). Negative values of GPP and R were removed from the dataset on the assumption that the model fit was poor or that some other process not included in the model was acting that day (e.g., physical entrainment of O 2 from other depths). Finally, the recovery time of each variable was estimated by visually comparing the seasonal patterns from 2009 with those of other years and determining when the specific pattern returned (if disrupted) to the pattern observed in multiple other years. This process assumes that the 10 years between 2004 and 2014 (not including 2009) provide some insight into the expected range of variability for Feeagh.
Results
Between 1900 and 2100 h on 2 July 2009, ~50 mm of rain fell on the east side of the Burrishoole catchment (Fig. 1) . Three data-logging rain gauges on the east side of the catchment recorded a 2-hour rainfall event in excess of 44 mm. One of these rain gauges recorded a 2-hour rainfall of 52.4 mm, which has an expected return time of more than 250 years (Fitzgerald 2007) . The rain was very localised, with rain gauges on the west side of the catchment recording as little as 16 mm in the same 2-hour period. The intensity of the rainfall, combined with a long period of relatively dry weather (total rainfall measured in the preceding 6 weeks was 94 mm at the Marine Institute's manual weather station) meant that the flood water drained straight down the river valleys, causing flash floods in the rivers and streams on the east side of the catchment. The water level recorder on the main inflow into Feeagh (Black River) recorded 6.48 m (above the river bed); however, note that this level would be outside of the operating range of the record. For context, between 2008 and 2010, 99% of daily maximum water levels at this recorder were <1.79 m. The minimum volume of water entering Feeagh for the 3 hours from 2100 to 2400 h was 3.9 × 10 6 m 3 , representing 6.6% of the total lake volume and 12.2% of the estimated epilimnetic volume for that date based on a thermocline depth of 10 m. This flood water reduced the theoretical residence time from 172 to 15 days, likely a minimum estimate because the water levels exceeded the gauge height and overflowed the river banks for the peak period of the flood. The immediate apparent effect of these flash floods on the morning of 3 July was a plume of suspended sediment along the shoreline of Feeagh and in downstream Lough Furnace. This plume was registered at the AWQMS as an unprecedented spike of 445 mV in the nephelometer readings (Fig. 2) . Nephelometer readings returned to normal levels (i.e., <100 mV) within 1 month, but 2 smaller in-washes occurred on 20 August and 11 September 2009.
Data from the 5 years before (2004) (2005) (2006) (2007) (2008) and after (2010-2014) the flood year (2009) show that water column stratification began in April. Both the Schmidt stability and the Brunt Väisälä buoyancy frequency indices then began to increase, peaking toward the end of July and then decreasing to baseline levels by the end of October as the lake became isothermal (Fig. 3) . By contrast, the Schmidt stability decreased from 586 to ~400 J m −2 immediately after the flood in 2009 and was lower than the 10-year average for the equivalent period (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) for the rest of the year (Fig. 3) . The decline was particularly noticeable given the very high level of water column stability measured at the end of June 2009, attributable to a long period of dry settled weather, together with unseasonably high surface water temperatures (>19 °C) that occurred on 29 June. The buoyancy frequency index also peaked in the week before the flood but immediately decreased after 2 July, oscillated considerably in July, and then decreased to below average levels after 5 August. Heating of the surface water in mid-September caused some restratification, and the buoyancy frequency remained higher than average after this. The epilimnetic water temperature decreased by 1.8 °C in the fortnight following the flood, but the hypolimnetic water temperature was unaffected. (Fig. 4) . Because colour in Feeagh is strongly correlated with DOC (Pearson correlation = 0.61, n = 224, p < 0.01), these data indicated no significant in-wash of DOC with the flood. Turbidity also displayed a similar seasonal pattern, with most particulate matter being transported into the lake in autumn. Unlike the colour measurements, an immediate spike in turbidity occurred in the month after the flood (as would be expected given the high resolution nephelometer readings shown in Fig. 2) , and this spike was outside the normal range of values recorded for July. Values dropped back to within the normal range but were above average for the rest of the year (Fig. 4) ), almost 3 weeks after the flood (Fig. 5) ), decreased immediately after the flood, remaining <100 mm 3 m −3 for the rest of the sampling period (Fig. 5) . Phytoplankton biomass displayed an obvious seasonal pattern, increasing from March in each year, peaking in midsummer, and decreasing to winter levels. In 2009, this pattern was disrupted by the flood. A very high phytoplankton biomass of 632 mm 3 m −3 was recorded on 5 July but decreased substantially by mid-July to 125 mm 3 m −3
. After July, phytoplankton biomass was lower than normal for the rest of the summer (Fig. 5) . The biomass of ciliates and macrozooplankton showed muted seasonal patterns, indicating that the flood did not cause any obvious change in the biomass of these groups (Fig. 5) .
The relative biomass of the main phytoplankton phyla in Feeagh is generally predictable from year to year, with Bacilliarophyta (diatoms) blooming in spring and Crytophyta reaching maximum biomass by midsummer (Fig. 6) . A low biomass of Chlorophytes occurs in the lake, particularly in late summer. Cyanophyte biomass is generally low, but an uncharacteristic bloom of Dolichospermum flos aquae was recorded in 2012. High biomass of cryptophytes (Cryptomonas erosa and C. marssonii) was noted in a sample taken 3 days after the flood, in conjunction with a lower than expected biomass of bacilliarophytes. Thereafter, the phytoplankton biomass (particularly of crypophytes and bacillariophytes) remained low for the rest of 2009, and the late bloom in the third quarter of every other year was not obvious in 2009. The dinophyte Ceratium hirundinella was particularly numerous in the 3 months after the flood, a seasonal occurrence not recorded in other years (although numbers of this species were high in early summer 2008). An uncharacteristic bloom of the cyanophyte Woronichinia naegeliana was also noted in August 2009. Relatively high biomass of chrysophytes was noted in the second half of 2009, composed of the species Mallomonas caudate, Ochromonas tuberculate, and Chrysochromulina parva, with C. parva being particularly abundant in the week after the flood. The explanatory variable "year" was a significant source of variation in assemblages from July, August, and September (PERMANOVA, p = 0.02). Pairwise tests indicated that the most important differences were between 2009/2010 and 2009/2011 (p < 0.05) . No other pairwise tests were significant. The macrozooplankton of Feeagh followed a relatively predictable seasonal cycle (Fig. 7) . The Daphnia longispina complex (Petrusek et al. 2008 ) was generally most abundant in early summer, peaking before July of each year. Daphnia were replaced by Diaphanosoma brachyurum in late summer of every year. Small cladocerans (Ceriodaphnia quadrangula and Bosmina longirostris) were recorded in low numbers, and their occurrence was unpredictable throughout the time series. Calanoid copepods were recorded at high biomass in both summer and winter, as were cyclopoid copepods. The collapse of the Daphnia biomass in the month after the 2009 flood coincided with the normal timing of Daphnia decline, and Diaphanosoma bloomed as normal in late summer 2009. Pairwise PERMANOVA tests, however, indicated Daphnia biomass was lower than normal in late 2009, and this, coupled with higher than normal calanoid biomass, indicated significant differences in assemblages sampled in October, November, and December in 2009 compared to 2006, 2010, and 2011 (p < 0.05) . No other significant pairwise differences were found between post flood quarterly assemblages and those recorded at the same time in non-flood years.
Estimates of epilimnetic lake metabolism (GPP, R, and NEP) were calculated for 6 years between 2009 and 2014. Reliable estimates were produced for 971 of a possible 2019 days (44%) in that period. R exceeded GPP for 858 of these days, resulting in negative NEP for 88% of the time period investigated. Weekly patterns in GPP, R, and NEP for Feeagh were obtained by averaging daily estimates from 2010 to 2014. Highest values of GPP were observed during the summer months, whereas respiration decreased slightly as the year progressed (Fig. 8) .
Resulting NEP estimates were nearly always negative, except for the occasional incidence of positive values in 
Discussion
It was extremely fortuitous to be able to access data streams from many different sources that covered an extended period centred on an extreme (once in 250 year) precipitation event. A useful working definition classifies an extreme event as one rarer than the 10 th or 90 th percentile of the observed probability density function (IPCC 2012) , and this event certainly falls into this category. Although the rainfall described for this event (50 mm in 2 h) may not be considered extreme for other areas of the globe, such as countries like Taiwan in the typhoon belt (Jones et al. 2008 ), it was rare and extreme when compared against the normal rainfall patterns for Ireland. What made the return period particularly high (once in 250 years) was the concentration of the event over 2 hours. By comparison, 50 mm of rain falling over 24 hours has a return period of once in 4 years (Fitzgerald 2007 ) and would not be considered a rare or extreme disturbance for the west of Ireland. Between 1940 and 2005, the highest 3-hour rainfall event at Valentia weather station (a synoptic station on the west coast of Ireland) was 43.8 mm (Leahy and Kiely 2011) . The event described here was therefore a significant meteorological disturbance, and the results present a unique opportunity to measure the resilience of a humic lake ecosystem. In terms of recovery time, the second half of 2009 was not particularly abnormal in terms of weather patterns in the Burrishoole catchment. Rainfall and air temperatures in this period were similar to those recorded for the rest of the decade. The recovery of the lake ecosystem therefore was probably not accelerated or prolonged significantly by extenuating weather events. The physical structure of the water column of Feeagh was affected by the flood, with both Schmidt stability and buoyancy frequency falling outside the usual (multiannual) range for the second half of the annual cycle. Several previous studies have shown how precipitation events can cause lakes to mix prematurely (Jones et al. 2008 , Znachor et al. 2008 , Klug et al. 2012 , although the magnitude of such mixing is determined by the ratio between lake volume and the volume of runoff from the flood. The retention time for Feeagh has been previously reported as 172 days (Irvine et al. 2001 ), and we estimated that the flood waters reduced this to ~15 days. Because the flood coincided with the normal time period of maximum stratification for deep lakes in Ireland (Irvine et al. 2001) , the impact observed was probably the maximum likely impact that can be expected. The flood event was also particularly significant because a period of exceptional water column stability was observed in the week before the flood. Had the flood occurred in the middle of winter, there may have been no obvious effect on the structure of the water column. In terms of resilience, the physical structure returned to normal values by the end of 2009, and thus the physical impact lasted ~6 months. This duration may have been prolonged by 2 smaller in-washes of flood water in August and September 2009, although the natural cycle of stratification and destratification, primarily controlled by seasonal changes in air temperature and radiation, was not disrupted into 2010. Previously recorded recovery times following disturbance of water column stability range from 5 to 45 days (Jennings et al. 2012) , and so the recovery time observed in this study is exceptionally long, but it does fit with the trend of increasing recovery time with increasing event return period reported in Jennings et al. (2012) .
The most obvious immediate impact of the flood was the transport of suspended sediment into the lake, which was visible along the western side of the lake and into downstream Lough Furnace on the day after the event. Rainfall and river discharge have previously been shown to account for the majority of particulate organic carbon (POC) export from terrestrial stores in the Burrishoole catchment (Ryder et al. 2014) , so it was expected that both the high resolution (Fig. 2) and grab samples of turbidity (Fig. 4) picked up this immediate signal. Dry weather in the weeks preceding the flood probably accentuated the discharge of particulate matter with the flood (May and Place 2005, Ryder et al. 2014) . Nevertheless, these response variables returned to normal values within 3 months of the impact, implying that, in this regard, the lake is relatively resilient, and rapid sedimentation of particulate matter out of the epilimnion limits the longevity of such impacts. This implication was also confirmed by the Secchi depth readings, which, apart from a low reading the week after the flood, were normal for the second half of 2009. We note that although the lake itself seems to be relatively resilient to disturbance related to particulate transport and deposition, the upstream rivers seem far less resilient. The results of the erosive impacts of the flood in 2009 are still being observed in 2015, with a far greater quantity of gravel and sand moving down the affected rivers than was previously noted.
Perhaps unexpected was the absence of a notable pulse of DOC in the immediate aftermath of the flood because DOC export in Burrishoole (Ryder et al. 2014) and elsewhere (Erlandsson et al. 2008 , Jennings et al. 2010 has been shown to be strongly related with river discharge and precipitation events. Water colour, which we used as a proxy for DOC, was not particularly high when measured in July 2009 after the flood and fell within the normal multiyear range (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) for the rest of 2009. Possibly the colour measurement was not sensitive enough to pick up any discharge related DOC, but long-term measurements of colour in Feeagh do pick up the seasonal range of DOC in the lake, which we presume would be similar in magnitude to a flood-precipitated pulse event. In several other studies, DOC pulses resulting from extreme precipitation events were higher than the normal seasonal range (Weyhenmeyer et al. 2004 , Einola et al. 2011 , Sadro and Melack 2012 . The lack of a large DOC/ colour response may owe to rapidity of the flood event, whereby flood waters did not have significant contact with the soil surface to allow washout of DOC (Worrall et al. 2002) . By contrast, a precipitation event in June 2010, when 36 mm of rain fell over 2 days, caused a significant outwash of DOC from one of the Burrishoole subcatchments (Ryder et al. 2014 ).
An increase in bacterial biomass, as reported in this study, is a common feature of open-water lake plankton after precipitation events Jansson 2000, Drakare et al. 2002) . More detailed analysis, such as genetic fingerprinting (Jones et al. 2008) or construction of a bacterial budget , would reveal whether the increase in biomass was a result of in-wash of soil or riverine bacteria or a result of rapid production of lake assemblages, stimulated by the increased particulate matter that came with the flood. Work in Sweden indicates that rapid production is a more likely explanation . Regardless, the bacterial biomass reduced to predisturbance levels within 3 months, although an extended time series of bacterial biomass would be needed to determine whether a 3-fold increase in bacterial biomass is normal for this lake. Reduced primary production, as indicated by Chl-a and phytoplankton biomass, is also a common feature of extreme precipitation events (Drakare et al. 2002 , Znachor et al. 2008 , Jennings et al. 2012 , Sadro and Melack 2012 . Notably, this pattern was also found for Feeagh, which is an oligotrophic humic lake with Chl-a rarely exceeding 3 µg L −1
. Lower than normal biomass of autotrophic phytoplankton was sustained until at least October, implying a recovery time for this trophic level of about 4 months. The likely drivers of the lower autotrophic production include lower surface water temperatures and decreased light availability owing to suspended particles.
The decrease in phytoplankton biomass may also be linked with changes in the phytoplankton assemblages because species associated with a stable water column decreased after the flood. These are the species classified in functional group C (Reynolds et al. 2002 ) with a noted sensitivity to stratification and silica exhaustion, including Asterionella formosa and Fragilaria ulna. Although these species generally bloom in the spring, their decrease in 2009 was premature, presumably linked to the destabilisation of the water column. By contrast, the cryptophytes C. erosa and C. marssonii both increased in the week after the flood, similar to a pattern noted in Sweden (Weyhenmeyer et al. 2004 ). These crytophytes have been shown to outcompete other phytoplankton in light-limited conditions because they can resort to mixotrophy when light conditions exclude significant photosynthesis (Jones 1997 . Phytoplankton assemblages in winter 2009 were similar to all other years, indicating that phytoplankton are relatively resilient, with a recovery period from this extreme event of 3 months. The zooplankton assemblages seemed less resilient, with assemblages after the flood taking at least 6 months to return to a similar composition as recorded in other years, although the zooplankton time series is variable, creating uncertainty about what constitutes a "normal" annual cycle for zooplankton in Feeagh. The main impact on zooplankton can be summarised as a depression of Daphnia biomass in the second half of the year and a simultaneous increase in calanoid copepod biomass. These 2 zooplankton groups often co-occur in Feeagh, but Daphnia are generally more abundant in the first half of the year and calanoids in the second half of the year (Fig.   7 ). Richman and Dodson (1983) noted that cladocerans tend to be specialists in a situation of high food quality and moderate food abundance, whereas calanoids will dominate in conditions of either low food quality or extremely low or high food abundances. This observation fits with the Feeagh data, which show that high food quality items, such as algae, were lower than normal in late 2009 and may partly explain the zooplankton assemblage changes. The observed structural changes in zooplankton assemblages are likely a complicated combination of top down and bottom up control, however, requiring more detailed analysis.
As a humic lake, Feeagh is naturally heterotrophic, with autotrophic primary production far less important than the utilisation of allocthonous carbon by the microbial food web and mixotrophic phytoplankton, as indicated by the predominantly negative NEP values recorded between 2009 and 2014. We note that these measurements are based purely on epilimnetic values, which makes it difficult to extrapolate to whole-lake production (Obrador et al. 2014) . In a humic lake such as Feeagh, however, with a shallow euphotic zone and low phytoplankton biomass, whole-lake GPP is not expected to be much greater than epilimnetic GPP, whereas whole-lake R is probably much greater than epilimnetic R. Therefore, whole-lake NEP is likely far more negative than that reported here. Previous studies of lake metabolism using the diel oxygen open-water technique following extreme events have highlighted increases in net heterotrophy resulting from high precipitation (Klug et al. 2012, Sadro and Melack 2012) , and the results presented here confirm this pattern. From mid-August to mid-September 2009, NEP was outside the normal range (2010) (2011) (2012) (2013) (2014) for that time of the year, indicating an increased net heterotrophic period lasting 2 months. Metabolism estimates are an effective way to integrate many of the other changes that occurred in the lake, such as decreased phytoplankton biomass, increased bacterial biomass, increased availability of POC as a substrate for microbial production, and decreased water column stability, transparency, and epilimnetic temperatures. We concur with the view expressed by Sadro and Malek (2012) that NEP is a good metric of environmental change, and our results also support the results of and Vachon and del Giorgio (2014) who showed that excessive rainfall brings about an increase of carbon emissions to the atmosphere as a result of increased heterotrophy. As an overall assessment of the resilience of an ecosystem, rates of NEP indicate that Feeagh returned to normal functioning by the end of 2009 because metabolism estimates for 2010 fell within the normal multiannual range.
All but one of the measured variables returned to pre-Extreme precipitation event in a humic lake ecosystem
Inland Waters (2016) 6, pp.483-498 disturbance levels within 6 months (Fig. 9) . Many of the impacts correspond well with the estimated reduction in the retention time of the lake (from 172 to 15 days), with several of the variables showing an immediate response within 2 to 3 weeks of the event. Some of the recoveries were facilitated by the natural order and functioning within Feeagh, a typical deep monomictic humic lake on the Atlantic coast of Europe. For example, variables such as lake water column stability, primary production, phytoplankton assemblages, and rates of metabolism appeared to naturally "reset" at the end of 2009, in line with the normal timing of lake cooling and mixis, highlighting the importance of the timing of an extreme event in the seasonal cycle of a lake ecosystem. What would the impact and resilience of the lake have been if the event had occurred, for example, in early spring or late autumn? We hypothesise that the impact would have been greater and the recovery slower had it occurred in early spring, before the typical summer increase in phytoplankton and Daphnia had reached peak biomass. The flood might also have had a detrimental effect on the thousands of salmon (Salmo salar L.) smolts that move through Feeagh in April and May, feeding on freshwater zooplankton as they migrate to sea (Marine Institute, unpubl. data) . Had the event occurred in late autumn, we expect that the impacts would have been less and the recovery quicker because the impacts of a flood would have mirrored, but perhaps accentuated, normal lake functioning in late autumn (i.e., mixis, cooling, decreased primary production, and in-wash of POC and DOC with increased rainfall). In summary, the work described here provides unique and valuable empirical evidence of the impacts of an extreme precipitation event on a humic lake, and to our knowledge offers one of the most comprehensive descriptions of the recovery of a lake ecosystem to such events. Given the extreme nature of the event, the impact on the lake ecosystem might be considered relatively small because the measured variables seem to have recovered completely, and within one annual cycle. This recovery implies that Feeagh, as a deep monomictic humic lake, is resilient to such events, even when they occur midyear when stratification is strongest. A shallow lake may be less buffered to flood flushes in terms of water volume, whereas the food web of a clear lake with higher autotrophic production may take longer to recover. If, as projected, such events become more common (Beniston et al. 2007 , Fealy et al. 2014 , it is uncertain how a lake such as Feeagh would respond, and whether recovery would be as complete. The value of sentinel sites where multiple response variables are monitored cannot be underestimated because the ecosystem services supplied by freshwaters come under increasing pressure from multiple stressors, including climate warming, pollution, and land use change. The inclusion of automated high frequency monitoring must be considered a prerequisite if extreme events and their impacts are to be captured and quantified effectively.
